1. In order to evaluate factors influencing thermogenesis in obesity, energy expenditure was measured before and during an adrenaline infusion (25ng min-'kg-' ideal body weight for 30min) in 22 obese females. 2. Thermogenic responses were related to body morphology, age and biochemistry. In addition, thermogenic responses were related to cardiovascular responses by simultaneously measuring blood pressure, pulse rate and cardiac output using Doppler sonography. 3. Resting energy expenditure was predicted by body weight, lean body mass and fat mass. 4. Adrenaline-induced thermogenesis was predicted by fasting insulin, low basal respiratory quotient and body fat.
INTRODUCTION
Obesity results from an imbalance between energy intake and energy expenditure. The principle determinant of resting energy expenditure (REE) is lean body mass [l] and some have claimed an independent relationship with fatness [2] . Other factors involved are genetics [3] and thermogenic hormones [4] . Since Jung et al. [5] described a reduced thermogenic response to noradrenaline in obese compared with lean volunteers, there have been conflicting reports as to the role of thermogenesis in human obesity [6] . Thermogenesis in obesity has potential importance for the development of thermogenic drugs for weight management. Some authors have found a normal thermogenic response in obesity but have demonstrated a defect in fat utilization [7] .
The factors involved in the thermogenic responses to either diet, glucose, cold or catecholamines are not firmly established although all these stimuli are mediated by catecholamines, with noradrenaline dominating in experimental animals. In humans, it has been suggested that adrenaline secreted by the adrenal glands is more important than noradrenaline from the peripheral autonomic nervous system [8, 91 . Skeletal muscle is probably a major site of thermogenesis [lo] , although other evidence indicates that the splanchnic bed has a more important role [ll] . Salas-Salvado et al. [12] found that body fatness, measured from the sum of four skinfolds and body mass index, was the best predictor of the thermic effect of food, while Segal et al. [13] found that percentage but not absolute body fat was related to diet-induced thermogenesis. These associations do not necessarily imply causality between fat itself and metabolic rate. Van Gaal et al.
[ 141 found that glucose-induced thermogenesis was significantly higher in individuals with upper body fat distribution, who are relatively insulin resistant and hypercholesterolaemic. The effect of insulin in thermogenesis is controversial, as some studies show that thermogenesis is independent of insulin but others show a contributory role [15-171.
The present study aimed to establish the influences of body morphology, age and biochemistry on REE and then adrenaline-induced thermogenesis (AIT) in a group of obese females. In assessment of body morphology, a novel ultrasound technique was explored to measure fat distribution. In addition, cardiovascular responses to adrenaline were followed simultaneously by measuring heart rate, blood pressure and aortic flow using duplex sonography. This may be important with respect to the possible cardiac effects of thermogenic weightreducing drugs.
METHODS

Subjects
Female subjects were recruited by local advertisement as part of an experimental weight loss programme. The research was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association. Ethical permission was granted by the Glasgow Royal Infirmary Ethical Committee. Written informed consent was obtained from each patient for the study. No payment or inducement was offered. Inclusion criteria were age 18-65 years and body mass index 30-44 kg/m2.
Exclusion criteria were diastolic blood pressure greater than 95 mmHg, resting heart rate greater than 100 beatdmin, unstabilized ( < 3 months) antihypertensive therapy, obesity of an endocrine origin, presence of any other significant medical illness, patients taking anorectic agents, laxatives or other medications which might alter body weight (diuretic and thyroid preparations were permitted if stabilized for 3 and 6months respectively before study), diabetes, patients who had lost more than 3 kg in the previous 3 months, pregnancy or risk of pregnancy. Pregnancy tests were carried out on recruitment.
Body morphology
Height was measured with the subject standing, back to a stadiometer, in bare feet, to the nearest 1.0 mm. Weight was measured to the nearest 100 g using a beam balance, with the patient in indoor clothing and without shoes. Waist circumference was measured midway between the levels of the lowest ribs and the iliac crest and hip circumference was measured at the level of the greater trochanters using an inelastic tape. Waisthip ratio was calculated from these figures. Body fat mass and percentage body fat were calculated from waist circumference and age using equations derived and validated previously [18] . The equation used was body fat percentage = (0.439 x waist)+(0.221 x age) -9.4, which was the most predictive for obese females in the validation study.
Skinfold thickness was measured at the midpoint of the upper arm using Holtain callipers.
Laboratory
Patient blood samples were taken on ice, centrifuged immediately and then stored at -70°C before batch assay. Plasma adrenaline concentrations were determined by high-power liquid chromatography with electrochemical detection [19] .
Plasma glucose was measured using an automated glucose oxidase method (normal range, 4.0-5.5 mmolfl). Plasma insulin was measured using a twosite immuno-radiometric method (normal range 0-13 m-unitsfl).
Ultrasound
Cardiac output assessment was performed by one of two observers using an ATL Ultramark 9 system. The ascending aorta was successfully visualized from the suprasternal notch in most subjects. Having visualized the ascending aorta along its longitudinal axis, a Doppler sonogram was obtained from within the full width of the vessel. This sonogram was then analysed using the ultrasound system software, giving a value for mean blood velocity across the vessel diameter and over several cardiac cycles (time-averaged mean velocity or TAMV). The vessel was then imaged in the transverse plane, allowing measurement of its cross-sectional area. Three sets of TAMV and cross-sectional area measurements were taken at each assessment. Blood volume-flow rates were then obtained by multiplying together means for TAMV and area. This technique has previously been validated in terms of comparison with other techniques used to measure cardiac output [20, 211 and in terms of reproducibility [22] .
Fat thicknesses (subcutaneous and prehepatic) were measured immediately distal to the xiphisternum, applying the minimum pressure to the probe that was required to visualize the two sites of adipose tissue. Measurements were performed in triplicate. This technique has been validated against computed tomography and magnetic resonance imaging in previous studies [23-251.
Energy expenditure
Energy expenditure and respiratory quotient were measured by ventilated-hood indirect calorimetry (Deltatrac; TM Datex, Helsinki, Finland), using a computerized flow-through, canopy-gas analyser system, which was calibrated with precision gas mixture before each measurement. Validation of the system was performed periodically using the ethanol combustion method according to manufacturers instructions. REE was calculated according to Ferranini [26] and expressed as kca1/24 h.
Study procedure
Studies took place in a temperature controlled room (23-25°C) in the morning, after patients had fasted from the night before. On arrival, subjects rested supine. For blood sampling, a 20-gauge can-nula (Vygon Biovalve) was inserted retrogradely into a vein on the dorsum of the hand. This hand was placed in a hand-warming box (50-60°C) for 20 min to obtain 'arterialized' venous blood samples [27] . Blood samples were withdrawn via a three-way tap. A second cannula was inserted in the contralateral antecubital vein for later infusion of adrenaline.
When the patient was relaxed, REE (kca1/24 h) and basal respiratory quotient (RQ) were measured over 20min. Results from the final 15 min were averaged. Baseline ultrasonography was then performed.
Next, an ECG monitor was attached to the patient to monitor heart rate and rhythm. Brachial arterial blood pressure was recorded manually every 10 min. The first audible sound was taken to denote systolic blood pressure and Korotkoff phase 5 was taken to denote diastolic blood pressure.
An adrenaline infusion was commenced at a rate of 25 ng min-' kg-' ideal body weight via a pump. After lOmin, at which time previous studies have shown a steady-state concentration of adrenaline being attained [28, 291, indirect calorimetry was again performed for 20min to calculate AIT and RQ, and steady-state metabolic rate was checked using a minute-to-minute coefficient of variation <lo%. Plasma adrenaline was measured on completion of calorimetry.
Finally, ultrasonography to measure aortic flow was repeated, this time on adrenaline infusion.
Statistics
Results are presented as means f SD unless otherwise stated, with P<O.O5 as the level of significance. The significance of responses of parameters to adrenaline infusion was calculated using a paired Student's t-test. Pearson's correlation coefficients were used to study the correlation between various predictors and thermogenesis (percentage increase in REE) and also to analyse the correlations between the thermogenic and cardiovascular responses. Stepwise multivariate analysis was not used because of high covariance between independent variables in a small study. Where data could not be parametrically transformed, Spearman's rank correlation analysis was used.
RESULTS
Complete physiological data were collected for 14 subjects, while data other than ultrasound measurements were collected for another 8 (total 22) patients. Physical and biochemical data are shown in Table 1 . A high waist (mean 103 cm) reflects obesity but also central fat distribution in these hyperlipidaemic subjects, who were moderately hyperinsulinaemic. Baseline mean plasma adrenaline concentration was 0.13k0.01 nmol/l. At 30 min post infusion of adrenaline, the mean plasma concentration of adrenaline was 2.1k0.6 nmol/l. The mean rise of 1.87nmolfl in our subjects was similar to results obtained previously by Webber et al. [30] using the same dose of adrenaline in a similar subject group. There was no significant change in the mean noradrenaline concentration after the infusion. Plasma adrenaline measurements were unavailable for four subjects because of problems with sample storage, but we have included these earlier volunteers in our overall analyses as they received the same infusion regimen and their increases in heart rate were similar to those in the later volunteers.
The coefficient of variation for ultrasonographic measurements was 9.1% for prehepatic fat and 9.9% for subcutaneous fat. The coefficient of variation for ultrasonographic aortic flow measurements was 9.3% for cross-sectional area and 16.5% for TAMV. Ultrasound measurements of subcutaneous abdominal fat (r = 0.63, P<0.015) and prehepatic fat (r = 0.56, P < 0.04) were both significantly correlated with waist-to-hip ratios. The ratio of the two ultrasonographic fat measurements was not related to waist-to-hip ratio.
The mean increase in energy expenditure after adrenaline infusion, i.e. AIT, was 11.8% (SD 11.3%) ( Table 2 ). RQ did not show an overall change. Energy measurements were remarkably constant during the adrenaline infusion with a minute-tominute SD of 5.47+1.88% which compares very favourably with those during basal REE measurement where the minute-to-minute SD was 5.43 & 2.04%. Ten of the subjects were premenopausal while 12 were postmenopausal. There was no differ- ence in thermogenesis between premenopausal (median 9.6%) and postmenopausal (median 9.4%) females, P < 0.92. The effect on heart rate was a rise of 17.4% (SD 8.5%) with no significant effect on blood pressure. The aortic flow rate increased by 50.6% (SD 41.4%).
REE was significantly correlated with body weight and related measures ( Table 3) . Serum insulin was the best positive predictor of AIT although it was not related to REE. Measures of body fat such as fat mass, triceps skinfold thickness and weight were also significantly related to AIT, but to a much lesser degree. Basal RQ was negatively correlated with AIT.
The correlation coefficient between changes in aortic flow and thermogenesis (% REE) was 0.63 (P<0.015) (Fig. 1) . For every 1% increase in energy expenditure, there was approximately a 5% increase in aortic flow. The correlation coefficient between changes in heart rate and thermogenesis was -0.08 and between systolic pressure change and thermogenesis was -0.13 -both non-significant.
DISCUSSION
We have described the predictors of metabolic rate and the thermogenic and cardiovascular responses to adrenaline in a defined group of overweight, moderately hyperlipidaemic female subjects. Thermogenesis studies usually rely on stimulation of increased energy expenditure by food, cold, glucose or catecholamines (adrenaline or noradrenaline) as in this case. Noradrenaline exerts its physiological effects mainly as a neurotransmitter [9] and its metabolic effects as a circulating hormone are only found at exceedingly high plasma concentrations, e.g. during prolonged maximal exercise or severe illness like myocardial infarction [9, 311. During hormone infusions, the plasma threshold concentration Previous studies have shown th ! t a steady-state concentration of adrenaline is acheived after 10min of infusion time [28, 291. In our study, energy measurements were remarkably constant during the adrenaline infusion, indicating a steady state in terms of metabolic effect, with a similar minute-to-minute variation as when measuring basal metabolic rate. Thus, we believe that maximal increases in energy expenditure have been obtained by 10min as they did not increase any more during the following 20min. Previous studies have found that the metabolic rate response achieved a steady state in women by 20 [33] or 30 min [29] . Several previous studies have tried to identify the contribution of various components of body composition to thermogenesis as distinct from REE. A major problem with such studies is that the different predictive parameters are often interrelated and different adjustments for covariance are made in analyses. Salas-Salvado et al. studied the thermic effect of food in lean and obese male adolescents and found that percentage body fat was a better predictor than fat-free mass, body mass index or body weight [12] . Segal et al.
[13] studied the thermic effect of food in lean and obese young men and also found that percentage body fat was the best predictor. Van Gaal et al. [14] studied glucose-induced thermogenesis in obese females and found that upper body fat deposition was a significant predictor but age, body mass index and sex hormones were non-predictive. We did not find any difference in AIT between pre-and post-menopausal females. Visser et al. [34] showed that age had no effect on the thermic effect of food. Tufano et al. [35] showed that, in obese females, diet-induced thermogenesis was unrelated to intra-abdominal fat distribution measured by computerized tomography. All these studies have used food administration, which will affect metabolic rate in several ways. Our study was the first to examine all these predictive factors in catecholamine-induced thermogenesis, in order to evaluate influences on a single physiological mechanism.
We found that fasting serum insulin was a strong predictor of AIT. This is similar to previous findings in glucose-induced thermogenesis [ 141. Exogenous insulin causes an increase in the facultative component of energy expenditure, which is mediated by the sympathetic nervous system [36] . However, Christin et al.
[ 151 showed that, at physiological concentrations, insulin contributes little to the thermic effect of an insulin-glucose infusion. Similarly, Staten et al. [16] showed that AIT is independent of physiological changes in plasma insulin or glucagon but Muller et al. [17] found that AIT was inhibited by insulin infusion and stimulated by insulinopaenia. Thus the effect of insulin on AIT is uncertain. In our study, fasting insulin was highly correlated with ultrasonically measured intra-abdominal fat (r = 0.66). If, as suggested by Van Gaal et al. [14] , patients with excess upper body fat have increased glucose-induced thermogenesis [ 111 and we know they are hyperinsulinaemic, it is not surprising that plasma insulin correlates with thermogenesis. This may be one of the reasons why a high level of fasting insulin protects from further weight gain [37] .
We found that fat mass correlated significantly with AIT. In contrast to Van Gaal et al. [14] , who found waist-to-hip ratio positively related to glucoseinduced thermogenesis, waist-to-hip ratio was negatively correlated with AIT. Westrate et al. [38] and Tataranni et al. [39] had similar findings to ourselves when they measured glucose-induced thermogenesis and thermic effect of food respectively. The reason that waist-to-hip ratio did not relate to thermogenesis may be that the hip measurement includes a significant amount of skeletal muscle, which Astrup et al. [lo] have postulated previously to be a major site of thermogenesis. We found a significant relationship between AIT and waist circumference (which reflects intra-abdominal fat mass) but no significant relationship between intra-abdominal fat distribution as measured by ultrasound, and AIT. The ultrasonic technique is an inferior indicator of intraabdominal fat compared with computed tomography and magnetic resonance imaging scanning techniques, which are increasingly being used to define intra-abdominal fat mass, as this has important health implications [40] . As intra-abdominal fat has an increased P-adrenergic receptor density and sensitivity [41], one would expect this fat to be more thermogenic than lower body fat and adipose tissue in the body as a whole. Adipocytes in this region are more lipolytic than adipocytes in the subcutaneous compartment. On the other hand, lipid accumulation in this tissue can be considered a marker of relative physical inactivity [42] . If 
the finding of Van
Gaal is accepted, the hypothesis can be raised that those patients with excess intra-abdominal fat might be targeted with thermogenic weight-reducing drugs as they would be more likely to respond and will derive greater long-term health benefits. Our data suggest that waist circumference might be a convenient indicator of a thermogenic response.
The significant negative correlation we found between AIT and resting RQ is interesting. The RQ is a measure of the ratio between carbohydrate and lipid oxidation. A higher fasting RQ is predictive of subsequent weight gain [43] . After the observation of Jung et al.
[5] of reduced noradrenaline-induced thermogenesis in obesity, a number of investigators found evidence that in the obese there is a defect in fatty acid oxidation [6, 71. Our results suggest that the thermogenic response could be directly related to the rate of lipid oxidation, i.e. higher RQ implies reduced fat oxidation which results in reduced thermogenesis. If weight gain is to be prevented, it is important that the fat content of the diet should be below the RQ. Any effective thermogenic drug might therefore have to have a specific effect on fat oxidation and thus lower the RQ.
We do not know of other studies with simultaneous measures of metabolic rate and cardiac output with adrenaline infusion. There was a significant correlation between the thermogenic response to adrenaline and the increase in aortic flow (blood flow measured at the aortic arch as an index of cardiac output). The increase in cardiac output in response to adrenaline is principally due to an increase in stroke volume [a], due to a /31-adrenoceptor-mediated increase in myocardial contractility and a B2-adrenoceptor-mediated lowering of peripheral vascular resistance which reduces the impedance to stroke ejection. Catecholamine-induced thermogenesis is also mediated via B1 and 8 2 receptors, but in addition, p3 receptors in adipose tissue are involved [45] . Thus, one would expect to find a significant but incomplete correlation between the two responses. The vascular responses that we found are of relevance to the possible effects that thermogenic drugs may have on the cardiac and pulmonary vasculature. Adrenaline increased cardiac output by 50% for a 10% increase in energy expenditure: a drug which has a more predominant 8 3 action might result in less worrying cardiovascular responses.
In conclusion, firstly, the predictors of REE and AIT are different. Secondly, we have found that no single variable is especially predictive of AIT but that lipid oxidation, plasma insulin and body fat are important. The waist circumference is the simplest anthropometric predictor. These factors might be important in deciding which obese patients might benefit from thermogenic drugs, but it is important to recognize that these significant associations do not necessarily imply a quantitatively important contribution from adipose tissue. Thirdly, we have shown a significant correlation between the aortic flow response and the thermogenic response to adrenaline, which may have relevance to drug therapy in obesity.
